Design of Highly Efficient Non-Noble Electrocatalysts for Water Redauction and Oxidation by Yu, Xingxing
Design of Highly Efficient Non-Noble 
Electrocatalysts for Water Reduction and 
Oxidation 
A thesis presented for the award of the degree of 
Doctor of Philosophy 
from 
University of Technology Sydney 
By 
Xingxing Yu, B. Sc., M.Sc. 
July, 2020 
I 
CERTIFICATE OF ORIGINAL AUTHORSHIP 
I, Xingxing Yu, certify that the work presented in this thesis has not previously been 
submitted for a degree nor has been submitted as part of requirements for a degree except 
as fully acknowledged within the text. 
I also certify that the thesis has been written by me. Any help that I have received in my 
research work and the preparation of the thesis itself has been acknowledged. In addition, I 
certify that all information sources and literature used are indicated in the thesis.  


































During the period of my precious PhD study, I want to express my feeling of special 
gratitude for my supervisor, Professor Guoxiu Wang, for his kind help and guidance, 
continuous support and invaluable advice throughout the whole PhD study process. I am 
also very grateful and would like to thank Professor Shu-Hong Yu and Professor Min-Rui 
Gao, for their valuable guidance and unselfish help during my visit to University of Science 
and Technology of China (USTC). Besides, I also would like to appreciate Dr. Jane Yao for 
her kind help and essential support for our laboratory -- Centre for Clean Energy 
Technology (CCET).  
My deep gratitude and special thanks are expressed to my kind and nice colleagues: Dr. 
Dawei Su, Dr. Bing Sun, Dr. Hao Liu, Dr. Huajun Tian, Dr. Xin Xu, Dr. Jinqiang Zhang, 
Dr. Yufei Zhao, Dr. Xin Guo, Dr. Weizhai Bao, Ms. Xiaochun Gao, Mr. Yi Chen, Mr. 
Kang Yan, Mr. Xiao Tang, Mr. Fan Zhang and Mr. Tianyi Wang from our CCET group for 
their kind friendly assistance and helpful collaboration. Furthermore, I also want to thank 
my lovely and nice friends in USTC, Dr. Yu Duan, Dr. Zi-You Yu, Mr. Xiao-Long Zhang, 
Mr. Fei-Yue Gao, Dr. Ya-Rong Zheng, Dr. Fei Zhou, Dr. Qiang Gao, Dr. Rui Wu, Dr. Lu-
An Shi, Mr. Ren Liu, Mr. Peng-Peng Yang and Mr. Zhuang-Zhuang Niu, Miss Li-Ping Chi, 
Mr. Shuai Qin and Mr. Zhi-Zheng Wu from Professor Yu’s and Professor Gao’s groups. 
Thanks for their unselfish help and valuable collaboration, I really appreciate the good 
memories in USTC.  
Additionally, I want to express my appreciation to Dr. Ronald Shimmon, Dr. Linda Xiao, 
and all the staffs from Faculty of Science for their administrative and technical support. 
Thanks for the DFT assistance received from Dr. Peng Li from Nanjing University of 
Xingxing Yu’s PhD thesis                                                                                              Acknowledgements  
IV 
 
Aeronautics and Astronautic and Professor Chenghua Sun from Swinburne University of 
Technology. The financial support from UTS to help me process my research work during 
the process of my PhD study are highly appreciated. 
I also want to exhibit the grateful feeling to my best friends: Yixiao Xi, Yao Yao, Mengjiao 
Wang, Qing Li, Peipei Li, Jiayan Liao and Haiyan Chen. You are the warm light during my 
life to help me go through the difficulties and tribulations. Finally, I also would like to say 
thanks to all the members of my family. Thanks for your support throughout the whole PhD 
study and also my life in general, especially my brother for your understanding and tolerant 

















1. X. Yu, Z. Yu, X. Zhang, Y. Zheng, Y. Duan, Q. Gao, R. Wu, B. Sun, M. Gao, G. Wang, 
S. Yu, “Superaerophobic” Nickel Phosphide Nanoarray Catalyst for Efficient Hydrogen 
Evolution at Ultrahigh Current Densities, J. Am. Chem. Soc., 2019, 141, 18, 7537-7543. 
 
2.  X. Yu, Z. Yu, X. Zhang, P. Li, B. Sun, X. Gao, K. Yan, H. Liu, Y. Duan, M. Gao, G. 
Wang, S. Yu, Highly Disordered Cobalt Oxide Nanostructure Induced by Sulfur 
Incorporation for Efficient Overall Water Splitting, Nano Energy, 2020, 71, 104652.  
 
3. X. Zhang, S. Hu, Y. Zheng, R. Wu, F. Gao, P. Yang, Z. Niu, C. Gu, X. Yu, X. Zheng, C. 
Ma, X. Zheng, J. Zhu, M. Gao, S. Yu, Polymorphic Cobalt Diselenide as Extremely 
Stable Electrocatalyst in Acidic Media via a Phase-mixing Strategy, Nat. Commun., 
2019, 5338. 
 
4. P. Yang, X. Zhang, F. Gao, Y. Zheng, Z. Niu, X. Yu, R. Liu, Z. Wu, S. Qi, L. Chi, Y. 
Duan, T. Ma, X. Zheng, J. Zhu, H. Wang, R. Gao, S. Yu, Protecting Copper Oxidation 
State via Intermediate Confinement for Selective CO2 Electroreduction to C2+ Fuels, J. 
Am. Chem. Soc., 2020, 142, 13, 6400-6408. 
 
Xingxing Yu’s PhD thesis                                                                                                           Catalogue 
VI 
 
 TABLES OF CONTENTS  
 
CERTIFICATE OF ORIGINAL AUTHORSHIP ................................................................ I 
DEDICATION................................................................................................................... II 
ACKNOWLEDGEMENTS ............................................................................................. III 
RESEARCH PUBLICATIONS .........................................................................................V 
TABLES OF CONTENTS ............................................................................................... VI 
LIST OF FIGURES ...........................................................................................................X 
LIST OF TABLES ....................................................................................................... XVII 
ABSTRACT ............................................................................................................... XVIII 
Chapter 1 Introduction ....................................................................................................... 1 
1.1 Background .............................................................................................................. 1 
1.2 Aims of the Research ................................................................................................ 5 
1.3 Thesis Structure ........................................................................................................ 8 
1.4 References ................................................................................................................ 9 
Chapter 2 Literature Review ............................................................................................ 15 
2.1 General Challenges ................................................................................................. 15 
2.2 Scope of The Literature Review .............................................................................. 16 
2.3 Water Electrolysis .................................................................................................. 17 
2.4 Water Splitting Mechanisms ................................................................................... 18 
2.5 Water Splitting Devices .......................................................................................... 20 
2.5.1 Alkaline Electrolyzer........................................................................................ 21 
2.5.2 Proton Exchange Membrane Electrolyzer ......................................................... 22 
2.5.3 Hydroxide Exchange Membrane Electrolyzer................................................... 23 
2.6 Electrode Design .................................................................................................... 24 
2.6.1 Morphology Design ......................................................................................... 25 
2.6.2 Composition Control ........................................................................................ 27 
2.6.3 Three-Dimensional Electrode ........................................................................... 28 
2.6.4 “Superaerophobic” Surface .............................................................................. 30 
2.7 Summary ................................................................................................................ 31 
2.8 References .............................................................................................................. 32 
Xingxing Yu’s PhD thesis                                                                                                           Catalogue 
VII 
 
Chapter 3 Experiments and Strategies .............................................................................. 42 
3.1 Overview ................................................................................................................ 42 
3.2 Chemicals ............................................................................................................... 43 
3.3 Materials Design and Synthesis .............................................................................. 44 
3.3.1 Hydrothermal Reaction .................................................................................... 44 
3.3.2 Phosphorization................................................................................................ 46 
3.3.3 Annealing ........................................................................................................ 47 
3.3.4 Ion Exchange Strategy ..................................................................................... 48 
3.4 Materials Characterizations..................................................................................... 48 
3.4.1 X-ray Diffraction ............................................................................................. 48 
3.4.2 Scanning Electron Microscopy ......................................................................... 49 
3.4.3 Transmission Electron Microscopy .................................................................. 50 
3.4.4 Raman Spectroscopy ........................................................................................ 51 
3.4.5 Brunauer-Emmett-Teller (BET) Measurement .................................................. 52 
3.4.6 Contact Angle Measurement ............................................................................ 53 
3.4.7 X-ray Photoelectron Spectroscopy.................................................................... 53 
3.4.8 Density Functional Theory ............................................................................... 54 
3.5 Electrocatalytic Measurements ............................................................................... 54 
3.5.1 Electrode Preparation ....................................................................................... 55 
3.5.2 Polarization Curves .......................................................................................... 55 
3.5.3 Tafel Plots ........................................................................................................ 56 
3.5.4 Electrochemical Impedance Spectroscopy ........................................................ 57 
3.5.5 Double-Layer Capacitances .............................................................................. 57 
3.5.6 Stability Measurements .................................................................................... 58 
3.6 Summary ................................................................................................................ 58 
3.7 References .............................................................................................................. 59 
Chapter 4 Synthesis and Characterization of the Unique Nickel Phosphide Nanoarray 
Structure .......................................................................................................................... 60 
4.1 Introduction ............................................................................................................ 60 
4.2 Experimental Sections ............................................................................................ 61 
4.2.1 Chemicals ........................................................................................................ 61 
4.2.2 Synthesis of Ni(OH)2/NF Nanoarrays ............................................................... 61 
4.2.3 Synthesis of Ni2P/NF ....................................................................................... 62 
Xingxing Yu’s PhD thesis                                                                                                           Catalogue 
VIII 
 
4.2.4 Characterization ............................................................................................... 62 
4.2.5 Electrocatalytic Measurements ......................................................................... 63 
4.3 Results and Discussion ........................................................................................... 63 
4.3.1 Material Synthesis and Characterization ........................................................... 63 
4.3.2 Structure Mechanisms ...................................................................................... 76 
4.4 Conclusions ............................................................................................................ 78 
4.5 References .............................................................................................................. 78 
Chapter 5 “Superaerophobic” Nickel Phosphide Nanoarray Catalysts for Highly Active 
Hydrogen Evolution at Ultrahigh Current Densities in Alkaline Solution ......................... 80 
5.1 Introduction ............................................................................................................ 80 
5.2 Experimental Sections ............................................................................................ 81 
5.2.1 Materials .......................................................................................................... 81 
5.2.2 Synthesis of Ni-Fe LDH ................................................................................... 81 
5.2.3 Characterizations .............................................................................................. 82 
5.2.4 Electrocatalytic Measurements ......................................................................... 82 
5.2.5 H2 Amount Measurements ............................................................................... 84 
5.3 Results and Discussions .......................................................................................... 84 
5.3.1 Electrocatalytic HER Activities ........................................................................ 84 
5.3.2 Overall Water Splitting Using Ni2P||Ni-Fe LDH Catalysts ................................ 93 
5.4 Summary ...............................................................................................................101 
5.5 References .............................................................................................................101 
Chapter 6 Highly Disordered Cobalt Oxide Nanostructure Induced by Sulfur Incorporation 
for Efficient Overall Water Splitting ...............................................................................107 
6.1 Introduction ...........................................................................................................107 
6.2 Experimental Sections ...........................................................................................109 
6.2.1 Chemicals .......................................................................................................109 
6.2.2 Synthesis of CoOx/NF .....................................................................................109 
6.2.3 Synthesis of S-CoOx/NF ..................................................................................110 
6.2.4 Material Characterizations ...............................................................................110 
6.2.5 Electrochemical Measurements .......................................................................111 
6.2.6 DFT Calculations ............................................................................................112 
6.3 Results and Discussions .........................................................................................114 
6.3.1 Material Morphology and Analysis .................................................................114 
Xingxing Yu’s PhD thesis                                                                                                           Catalogue 
IX 
 
6.3.2 Electrochemical HER Performances ................................................................125 
6.3.3 Electrochemical OER Performances ................................................................133 
6.3.4 Electrochemical Overall Water Splitting .........................................................137 
6.3.5 Theory Calculations ........................................................................................143 
6.4 Conclusions ...........................................................................................................145 
6.5 References .............................................................................................................146 
Chapter 7 Conclusions and Future Perspective ................................................................153 
7.1 Conclusions ...........................................................................................................153 
7.1.1 The Design of “Superaerophobic” Nickel Phosphide Nanoarray Structure .......153 
7.1.2 “Superaerophobic” nickel phosphide nanoarray catalysts for hydrogen generation 
at large current densities ..........................................................................................154 
7.1.3 Sulfur-induced disordered cobalt oxide nanostructure for highly efficient water 
splitting....................................................................................................................155 
7.2 Future Perspective .................................................................................................157 
APPENDIX: NOMENCLATURE ..................................................................................159 
 
  




LIST OF FIGURES 
Figure 2.1 The current energy system and the main industrial methods to produce clean 
hydrogen energy. ............................................................................................................. 16 
Figure 2.2 The early plants for industrial water electrolysis.21 .......................................... 18 
Figure 2.3 The schematic diagram for water electrolysis system under the alkaline 
electrolyte.21 .................................................................................................................... 20 
Figure 2.4 The development of low-temperature electrolysis technology devices.38 AEL: 
alkaline electrolyzer. PEMEL: proton exchange membrane electrolyzer. HEMEL: 
hydroxide exchange membrane electrolyzer. .................................................................... 21 
Figure 2.5 (a) Side view of Photosystem II structure.56 (b) Manganese oxides in various 
structures including α-, β-, δ-MnO2 and amorphous form were explored during OER.62 (c) 
Optimized atomic structures for OH binding on different facets of hematite nanocrystals.61 
(d) The schematic illustration of engineering the surface of single-crystal CoO nanorods for 
OER and oxygen reduction reaction (ORR).59 .................................................................. 25 
Figure 2.6 Schematic depictions of the different morphology preparation of the cobalt 
pyrite (CoS2). (A) Film, (B) microwire (MW) array, and (C) nanowire (NW) array which 
was on a graphite disk or glass substrate.63 ....................................................................... 26 
Figure 2.7 Characterizations of the dual cation doped NiSe2 nanosheets. (a-b) SEM images, 
(c) XRD patterns, (d-k) TEM, HRTEM and STEM-EDX elemental mapping images for the 
dual cation doped NiSe2 nanosheets.84 .............................................................................. 28 
Figure 2.8 Overview of three-dimensional electrocatalysts grown on the nickel foam 
substrate for OER and HER.95 .......................................................................................... 29 
Figure 2.9 The Schematic illustration, top-view SEM images and adhesive forces 
measurements of gas bubbles on the flat film (left) (A, B, D) and the nanostructured film 
(right) (A, C, E), respectively.101 ...................................................................................... 31 
Figure 3.1 The main experimental strategies and techniques during the research work. .... 43 
Figure 3.2 The unique designed hydrothermal device, the internal volume is 800 mL. ..... 45 
Figure 3.3 Schematic illustration of the P-doping into CoSe2 to induce the structural phase 
transition during a facile annealing process from the work of Yu’s group.2 ...................... 46 
Figure 3.4 The photograph of the tube furnace used during the doctoral study. ................. 47 
Figure 3.5 The photograph of the SEM equipment used during the doctoral study. ........... 50 
Figure 3.6 The photograph of the TEM equipment used during the doctoral study. .......... 51 
Figure 3.7 The photograph of the Raman device used during the doctoral study. .............. 52 
Figure 3.8 The photograph of the Brunauer-Emmett-Teller (BET) used to analyze the 
samples’ surface area during the doctoral study. ............................................................... 53 
Xingxing Yu’s PhD thesis                                                                                                           Catalogue 
XI 
 
Figure 4.1 a) Schematic illustration of the synthetic process for Ni2P nanoarrays. (b, c) 
SEM, (d) TEM, (e) HRTEM, (g) STEM-EDX mapping images of the obtained Ni2P/NF. (f) 
XRD patterns of Ni2P/NF and blank NF. The inset in (d) is the corresponding SAED 
pattern. ............................................................................................................................. 64 
Figure 4.2 The three steps during the systhesis process of nickel phosphide nanoarrays. .. 65 
Figure 4.3 SEM images of the precursors obtained via a direct thermal reaction between 
(NH4)2HPO4 and nickel foam at 180 ºC for (a, d) 6 h, (b, e) 12 h, (c, f) 24 h..................... 65 
Figure 4.4 (a) TEM image, (b) elemental mapping and (c) EDX spectra of the precursor 
obtained via a direct thermal reaction between (NH4)2HPO4 and Ni foam at 180 ºC for 12 h.
 ........................................................................................................................................ 66 
Figure 4.5 SEM images of the treated precursors in a 0.1 M KOH aqueous solution via a 
hydrothermal method at (a, d) 80 ºC, (b, e) 100 ºC, (c, f) 120 ºC, (g, j) 140 ºC, (h, k) 160 ºC, 
(i, l) 180 ºC for 5 h. SEM images reveal that the nanosheets which are grown on the 
nanowires become more obvious at a higher temperature. ................................................ 67 
Figure 4.6 The change process of (a) XRD patterns and (b) Raman spectra for the 
precursors before and after treatment in a 0.1 M KOH aqueous solution at different 
hydrothermal temperatures for 5 h. XRD and Raman analysis show the precursors have 
been successfully transformed into Ni(OH)2 at a higher temperature (>100 ºC). ............... 68 
Figure 4.7 Electrocatalytic HER performances. (a) Polarization curves with a scan rate of 
10 mV s-1 and (b) EIS Nyquist plots at the overpotential of 100 mV for the obtained 
materials before and after treatment in a 0.1 M KOH aqueous solution at different 
hydrothermal temperatures. The prepared materials obtained at 120 ºC were chosen to be 
further investigated depending on their electrocatalytic HER performance. ...................... 68 
Figure 4.8 (a) TEM, (b, c) HRTEM, (d) the corresponding SAED and (e) STEM-EDX 
mapping images of the Ni(OH)2 obtained after treatment in a 0.1 M KOH aqueous solution 
at 120 ºC for 5 h. .............................................................................................................. 69 
Figure 4.9 (a) Ni 2p spectra and (b) O 1s spectra of the Ni(OH)2/NF obtained after 
treatment in a 0.1 M KOH aqueous solutio at 120 ºC. ...................................................... 70 
Figure 4.10 Polarization curves and EIS Nyquist plots at the overpotential of 100 mV for 
Ni2P/NF obtained at different (a and b) temperatures, (c and d) times, (e and f) heating rates 
and (g and h) gas flow. The scan rate is 10 mV s-1. The optimal Ni2P/NF catalyst was 
achieved at 300 ºC for 0.5 h at the heating rate of 5 ºC/min under an Ar flow. .................. 71 
Figure 4.11 (a, b) SEM images of the prepared Ni2P nanoarrays after annealing at 300 ºC 
for 0.5 h at 5 ºC/min in a flowing Ar. ............................................................................... 72 
Figure 4.12 Unit cell of the hexagonal Ni2P crystal structure. The lattice parameters are a = 
b = 5.86 Å, c = 3.37 Å and the space group is P321. ......................................................... 72 
Figure 4.13 Atomic arrangement of (311) lattice plane for the obtained Ni2P. .................. 73 
Figure 4.14 EDX pattern of the prepared Ni2P nanoarrays after annealing at 300 ºC for 0.5 
h at 5 ºC/min in a flowing Ar. .......................................................................................... 74 
Xingxing Yu’s PhD thesis                                                                                                           Catalogue 
XII 
 
Figure 4.15 (a) XPS survey, (b) Ni 2p and (c) P 2p spectra of the prepared Ni2P nanoarrays.
 ........................................................................................................................................ 74 
Figure 4.16 (a) SEM image of the product. (b) XRD patterns for the product using Ni(OH)2 
nanosheets as the precursors under the same phosphorization process (blue line), Ni(OH)2 
nanosheets (red line) and nickel foam substrate (black line). Ni(OH)2 nanosheets were 
prepared via the direct hydrothermal process at 160 ºC for 24 h using a clean nickel foam 
and deionized water. ........................................................................................................ 75 
Figure 4.17 The obtained different transition metals phosphides using different transition 
metals precursors under the same phosphorization process. Black line is the nickel foam 
substrate. The Ni2P was reused from Figure 4.16. Fe and Cu precursors were prepared 
using the similar hydrothermal method of preparing Ni-Fe LDH, except for the use of 1 
mM Fe(NO3)3.9H2O and 1 mM Cu(NO3)2.21/2H2O instead of 0.5 mM Ni(NO3)2.6H2O and 
0.5 mM Fe(NO3)3.9H2O, respectively. .............................................................................. 75 
Figure 4.18. Digital images of hydrogen bubbles on (a) blank NF and (b) Ni2P/NF. (c) 
Schematic illustration of the adhesion behavior for a H2 bubble on blank NF (left) and 
Ni2P/NF nanoarrays (right). The contact area is an “isolated zone” due to the bubble effect.
 ........................................................................................................................................ 76 
Figure 4.19. Digital images of Ni2P/NF during air bubble adhesion process under 1 M KOH 
electrolyte. ....................................................................................................................... 77 
Figure 5.1 (a) HER polarization curves for different catalysts at high current density (left) 
and low current density (right). Scan rate: 10 mV s-1. (b)Tafel plots for different catalysts 
derived from Figure 2a (right). (c) Multi-chronoamperometric responses curve from 240 
mV to 650 mV overpotentials for the Ni2P/NF catalyst. ................................................... 84 
Figure 5.2 Comparison of HER performance for the various catalysts under the constant 
potentials. ........................................................................................................................ 86 
Figure 5.3 (a, b) EIS Nyquist and Cdl plots of the various catalysts. Z′ and Z′′ are the real 
and the imaginary impedance, respectively. ..................................................................... 86 
Figure 5.4 Cyclic voltammetry curves of (a) Blank NF, (b) Ni(OH)2/NF and (c) Ni2P/NF 
catalysts under the potential of 0.07~0.17 V vs. RHE at different scan rates from 20 mV s-1 
to 100 mV s-1. .................................................................................................................. 87 
Figure 5.5 Multi-steps chronopotentiometry curve at different current densities from 100 to 
4000 mA cm-2. ................................................................................................................. 88 
Figure 5.6 Long-time chronoamperometry (j–t) curve at a high current density of 2500 mA 
cm-2 at the potential of 0.7 V. ........................................................................................... 89 
Figure 5.7 Cyclic polarization curves for Ni2P/NF before and after 5,000 cycles. ............. 90 
Figure 5.8 Chronopotentiometry curve of Ni2P/NF at the current density of 500 mA cm-2, 
the insets are polarization curves of Ni2P/NF (left) at a scan rate of 10 mV s-1 and EIS 
Nyquist plots at the overpotential of 0.1 V before and after the electrolysis (right). .......... 90 
Xingxing Yu’s PhD thesis                                                                                                           Catalogue 
XIII 
 
Figure 5.9 (a, b) SEM images of Ni2P/NF after the electrolysis. (c) Comparison of XRD 
patterns for Ni2P/NF before and after the electrolysis. ...................................................... 92 
Figure 5.10 Comparison of the electrocatalytic HER performance of Ni2P/NF with the other 
reported high-efficiency catalysts. .................................................................................... 92 
Figure 5.11 (a, b) SEM images of the Ni-Fe LDH/NF obtained at 120 ºC for 6 h via a 
hydrothermal method. ...................................................................................................... 94 
Figure 5.12 XRD pattern of the Ni-Fe LDH/NF obtained at 120 ºC for 6 h via a 
hydrothermal method. ...................................................................................................... 95 
Figure 5.13 Electrocatalytic OER performances of the obtained Ni-Fe LDH/NF and the 
commercial Ir/C. (a) Polarization curves with a scan rate of 10 mV s-1 and (b) EIS Nyquist 
plots at the overpotential of 0.34 V................................................................................... 95 
Figure 5.14 (a) Polarization curves of the catalysts at a scan rate of 10 mV s-1. Inset shows 
EIS Nyquist plots of the catalysts at a voltage of 1.7 V. (b) The comparison of overall 
electrocatalytic water splitting performance of the Ni2P||Ni-Fe LDH catalyst with recently 
reported highly active catalysts. (c) Chronoamperometric curves at a voltage of 2.1 V. (d 
and e) H2 amount for Ni2P||Ni-Fe LDH at a fixed current density of 1000 mA cm-2 and 
optical picture of the measured setup Hoffman apparatus. (f-h) SEM, XRD and STEM 
elemental mapping images of Ni2P/NF after the long-term electrolysis. ........................... 96 
Figure 5.15 EIS Nyquist plots for Ni2P||Ni-Fe LDH and Pt/C||Ir/C catalysts at different 
voltages. (a) 1.72 V, (b) 1.75 V, (c) 1.87 V, (d) 1.97 V, (e) 2.06 V and (f) 2.2 V. The results 
show that the EIS of Ni2P||NiFe LDH catalyst is large than EIS of Pt/C||Ir/C at a low 
voltage. However, the EIS results of Ni2P||NiFe LDH decrease more rapidly than that of the 
Pt/C||Ir/C catalyst with the increased voltages, and even smaller than that of Pt/C||Ir/C at a 
high voltage >1.87 V........................................................................................................ 97 
Figure 5.16 Long-time chronoamperometric curves for Ni2P||Ni-Fe LDH at the constant 
voltage of 2.1 V. .............................................................................................................. 99 
Figure 5.17 The digital photo of Hoffman apparatus. ....................................................... 99 
Figure 5.18 H2 amount produced during the overall water splitting at a fixed current density 
of 500 mA cm-2, measured in a Hoffman apparatus under 1 M KOH electrolyte. ............100 
Figure 5.19 (a and b) SEM images of Ni2P/NF after the long-time electrolysis during 
overall water splitting......................................................................................................101 
Figure 6.1 (a) Schematic illustration for the synthesis of S-CoOx. (b-g) SEM, STEM 
elemental mapping, TEM and HRTEM images of S-CoOx. Inset in (d) shows the SAED 
patterns and insets in (e-g) show the corresponding FFT patterns of S-CoOx. (e-g) are from 
the areas 1-3 of (d), respectively......................................................................................114 
Figure 6.2 (a) Schematic illustration of the synthetic procedure for S-CoOx/NF. (b) The 
morphology structure and atom packing model for S-CoOx. Co blue, O red and S yellow.
 .......................................................................................................................................115 
Xingxing Yu’s PhD thesis                                                                                                           Catalogue 
XIV 
 
Figure 6.3 The morphology structure and atom packing model for the CoOx. Co blue and O 
red. .................................................................................................................................116 
Figure 6.4 (d) TEM image and (e) Energy-dispersive X-ray (EDX) patterns of S-CoOx. The 
S-CoOx powder was obtained by ultrasound from S-CoOx/NF catalyst. ...........................116 
Figure 6.5 (a-c) SEM images of CoOx/NF. (d) TEM image and (e) EDX patterns of CoOx. 
(f and g) HRTEM and STEM-EDX mapping images of CoOx. The CoOx powder was 
obtained by ultrasound from CoOx/NF catalyst. ..............................................................117 
Figure 6.6 HRTEM images of CoOx. Inset shows the corresponding FFT of CoOx. The 
CoOx powder was obtained by ultrasound from CoOx/NF catalyst. .................................118 
Figure 6.7 Characterization of S-CoOx-0.5h. (a and b) SEM images of S-CoOx-0.5h/NF. (c) 
TEM image, (d) EDX and (e) XRD patterns of S-CoOx-0.5h. (f) STEM-EDX mapping 
images of S-CoOx-0.5h. The S-CoOx-0.5h powder was obtained by ultrasound from S-
CoOx-0.5h/NF catalyst. The S-CoOx-0.5h/NF catalyst was obtained after 0.5h room-
temperature sulfur ion exchange reaction. The XRD analysis shows that the diffraction 
peaks were weakened compared with that of the prepared CoOx. ....................................119 
Figure 6.8 Characterization of S-CoOx-24h. (a and b) SEM images of S-CoOx-24h/NF. (c) 
TEM image, (d) EDX and (e) XRD patterns of S-CoOx-24h. (f) STEM-EDX mapping 
images of S-CoOx-24h. The S-CoOx-24h powder was obtained by ultrasound from S-CoOx-
24h/NF catalyst. The S-CoOx-24h/NF catalyst was obtained after 24h room-temperature 
sulfur ion exchange reaction. The XRD analysis shows that no obvious diffraction peaks 
were observed, which are consistent with that of S-CoOx. ...............................................120 
Figure 6.9 Characterization of CoOx and S-CoOx. (a) XRD patterns and (b) Raman spectra 
of CoOx and S-CoOx. (c and d) High resolution XPS spectra for Co 2p and O 1s of CoOx 
and S-CoOx, respectively. ...............................................................................................121 
Figure 6.10 BET analyses. (a) Nitrogen adsorption-desorption isotherm for S-CoOx. (b) 
The corresponding pore size distribution. The BET surface area of the S-CoOx catalyst was 
determined to be 23.3 m2 g-1. ..........................................................................................122 
Figure 6.11 XPS survey spectra for (a) CoOx and (b) S-CoOx. ........................................122 
Figure 6.12 High resolution XPS spectra for S 2p of CoOx (above) and S-CoOx (below).124 
Figure 6.13 Electrocatalytic activities. (a and b) Polarization curves and the corresponding 
Tafel plots of the catalysts for HER electrolysis. (c) Polarization curves of S-CoOx/NF for 
the HER before and after 1000 cycles. (d and e) Polarization curves and the corresponding 
Tafel plots of the catalysts for OER activities. (f) Polarization curve of S-CoOx/NF for the 
OER before and after 1000 cycles. (g) The schematic for overall water splitting. (h) 
Polarization curve for overall water splitting using S-CoOx/NF as both anode and cathode 
in a two-electrode setup. For comparation, Ir/C and Pt/C coated on nickel foam used as 
anode and cathode, respectively.  (i) Comparison of the electrocatalytic overall water 
splitting performances for S-CoOx/NF and the recently reported bifunctional 
electrocatalysts. Scan rate is 5 mV s-1. .............................................................................125 
Xingxing Yu’s PhD thesis                                                                                                           Catalogue 
XV 
 
Figure 6.14 EIS Nyquist plots of blank NF, CoOx/NF and S-CoOx/NF for HER at 200 mV 
overpotential. Z′ means the real impedance and Z′′ means the imaginary impedance. EIS 
Nyquist plots show that the Rct of S-CoOx/NF is 7.5 Ω at 200 mV overpotential, whereas, 
21.6 Ω and 45 Ω for CoOx and blank NF, respectively. ...................................................126 
Figure 6.15 CV curves of (a) the blank NF, (b) CoOx/NF and (c) S-CoOx/NF at different 
scan rates, from 20 to 100 mV s-2. ...................................................................................127 
Figure 6.16 The calculated Cdl for the blank NF, CoOx/NF and S-CoOx/NF. ...................128 
Figure 6.17 HER activities. (a) Polarization curves of CoOx/NF, S-CoOx-0.5h/NF and S-
CoOx-24h/NF at 5 mV s-1. (b) EIS Nyquist plots of CoOx/NF, S-CoOx-0.5h/NF and S-
CoOx-24h/NF at 200 mV overpotential. ..........................................................................128 
Figure 6.18 Chronoamperometry (j–t) curve of S-CoOx/NF for the HER electrolysis at the 
constant potential of -0.21 V. ..........................................................................................129 
Figure 6.19 (a and b) SEM images of S-CoOx/NF after long-term HER cyclic test in 1.0 M 
KOH electrolyte. .............................................................................................................129 
Figure 6.20 Chronoamperometry (j–t) curve of S-CoOx/NF for the long-term HER 
electrolysis when the current density is about 60 mA cm-2...............................................130 
Figure 6.21 (a-c) SEM images and (d) XRD patterns of the S-CoOx/NF after long-term 
HER electrolysis. The diffraction peaks in the XRD patterns is the peaks from the nickel 
foam substrate, no other peaks were formed. ...................................................................130 
Figure 6.22 (a-d) SEM mapping images and (c) EDX patterns of the S-CoOx/NF after long-
term HER electrolysis. ....................................................................................................131 
Figure 6.23 Polarization curves of CoOx/NF, S-CoOx-0.5h/NF and S-CoOx-24h/NF, 
respectively, at 5 mV s-1 in 1.0 M KOH electrolyte.. .......................................................132 
Figure 6.24 Chronoamperometry (j–t) curve of S-CoOx/NF for the OER at the potential of 
1.6 V. ..............................................................................................................................135 
Figure 6.25 (a and b) SEM images of S-CoOx/NF after long-term OER cyclic test in 1.0 M 
KOH electrolyte. .............................................................................................................135 
Figure 6.26 Chronoamperometry (j–t) curve of S-CoOx/NF for the long-term OER 
electrolysis when the current density is about 150 mA cm-2 at the potential of 1.64 V. ....136 
Figure 6.27 (a-c) SEM images and (d) XRD patterns of the S-CoOx/NF after long-term 
OER electrolysis. The diffraction peaks in the XRD patterns is the peaks from the nickel 
foam substrate, no other peaks were formed. ...................................................................136 
Figure 6.28 (a-d) SEM mapping images and (c) EDX patterns of the S-CoOx/NF after long-
term OER electrolysis. ....................................................................................................137 
Figure 6.29 Polarization curve for overall water splitting during the control experiments in 
a two-electrode setup. Eletrolyte: 1 M KOH. Scan rate: 10 mV s-1. .................................138 
Figure 6.30 Chronoamperometry (j–t) curve using S-CoOx/NF catalysts as both the anode 
and the cathode for the overall water splitting at the voltage of 1.6 V. .............................139 
Xingxing Yu’s PhD thesis                                                                                                           Catalogue 
XVI 
 
Figure 6.31 EIS Nyquist plots of S-CoOx//S-CoOx at the voltage of 1.75 V before and after 
long-term electrolysis during overall water splitting. .......................................................139 
Figure 6.32 Electrocatalytic activities in the neutral solution (1M PBS). (a and b) 
Polarization curves of the prepared Co-S catalysts during (a) HER, (b) OER and (c) overall 
water splitting systems in the 1 M PBS (pH = 7.0) electrolyte. Scan rate is 10 mV s-1. ....140 
Figure 6.33 (a and b) SEM images and (c) XRD patterns of the prepared Co-S. The Co-S 
material was prepared via the direct reaction between the Co2+ and S2- under aqueous 
solution. In details, the 7 mL 0.5 M Co(NO3)2.6H2O aqueous solution was prepared, then 8 
mL 0.5 M Na2S aqueous solution was added at room temperature. After 30 min, the black 
product was collected. .....................................................................................................140 
Figure 6.34 (a-c) SEM mapping images and (d) EDX patterns of the prepared Co-S. ......141 
Figure 6.35 Electrocatalytic activities. (a and b) Polarization curves of the prepared Co-S 
catalysts for (a) HER, (b) OER and (c) overall water splitting activities in the 1 M KOH 
electrolyte. Scan rate is 10 mV s-1. ..................................................................................141 
Figure 6.36 Electrocatalytic activities. (a and b) Polarization curves of the prepared Co-S 
catalysts for (a) HER, (b) OER and (c) overall water splitting activities in the 1 M PBS (pH 
= 7.0) electrolyte. Scan rate is 10 mV s-1. ........................................................................142 
Figure 6.37 DFT calculations on S-CoOx. (a) Calculated charge density distribution of 
Co3O4 (left) and S-Co3O4 (right). (b) Calculated charge density distribution of CoO (left) 
and S-CoO (right). (c and d) Calculated total densities of states of Co3O4, S-Co3O4 and 
CoO, S-CoO. (e) Free energy diagrams for hydrogen adsorption on (100) surface of Co3O4, 
S-Co3O4, CoO and S-CoO, respectively. (f) Gibbs free energy change diagrams of the OER 
process on surface of the Co3O4 (blue line), S-Co3O4 (green line), CoO (black line), S-CoO 
(red line) and the corresponding intermediates during each step. Co blue, O red, H white 








LIST OF TABLES 
Table 5.1 Comparison of HER performance of the prepared Ni2P/NF with other recently 
reported high-efficiency electrocatalysts. ......................................................................... 93 
Table 5.2 Comparison of the electrocatalytic overall water splitting activities of the 
prepared Ni2P/NF with other recently reported high-efficiency electrocatalysts. ............... 98 
Table 6.1 Comparison of the atomic ratio for the obtained samples via EDX analysis. ....118 
Table 6.2 Comparison of the electrocatalytic performance during HER process among the 
highly active non-precious catalysts. ...............................................................................132 
Table 6.3 Comparison of the electrocatalytic performance during OER process among the 
highly active non-precious catalysts. ...............................................................................133 
Table 6.4 Summary of recently reported bifunctional non-precious electrocatalysts for 
highly efficient catalytic overall water splitting in a two-electrode system. ......................142 
Table 6.5 Gibbs free energy changes for the samples of the four steps revealed by DFT 
calculations. The unit is: eV. ...........................................................................................144 




To satisfy the increasing energy demand and solve the global warming issue, renewable 
clean energy sources were in the urgent requirement. Hydrogen energy was regarded as the 
most potential clean energy suppliers. Electrocatalytic water splitting as one of the most 
promising approach for hydrogen production, has been rapidly blossomed. Tremendous 
efforts have been devoted into the electrocatalysts’ development. However, the design of 
highly efficient non-noble electrocatalysts for large-scale hydrogen production was still a 
tough challenge. In the doctoral work, a series of non-noble metal electrocatalysts were 
prepared and investigated.  
In the first project, we prepared the “superaerophobic” Ni2P nanoarray catalyst grown on a 
nickel foam substrate. The Ni2P catalysts demonstrate an outstanding electrocatalytic 
activity and stability in alkaline electrolyte. Their high catalytic activities can be attributed 
to the favorable electron transfer, superior intrinsic activity and the intimate connection 
between the nanoarrays and their substrate. Moreover, the unique “superaerophobic” 
surface feature of the Ni2P nanoarrays enables a remarkable capability to withstand internal 
and external forces and timely release the in-situ generated vigorous H2 bubbles at large 
current densities (such as > 1000 mA cm-2). Our results highlight that an aerophobic 
structure is essential to catalyze large-scale gas evolution. 
The second project concentrates on tuning the internal structure of nanomaterials to boost 
their intrinsic catalytic properties. We reported an incorporation of sulfur ion into 
crystalline cobalt oxide (S-CoOx) to create structural disorder via a facile room-temperature 
ion exchange strategy. Compared with its crystalline form, the disorder in S-CoOx catalyst 
endows it remarkable catalytic activities for hydrogen evolution reaction (HER) and 
oxygen evolution reaction (OER). The water electrolyser adopting S-CoOx as cathode and 
anode requires mere 1.63 V to reach 10 mA cm-2 in 1 M KOH. Charaterizations and 
analysis demonstrate that the enhanced electrocatalytic properties could be attributed to 
increased low oxygen coordination, more defect sites and modified electron densities 
characteristics. This work provides the new insight on designing structural disordered 
catalysts for energy storage areas. 
In this thesis, the two projects are both about the design of the freestanding and three-
dimensional materials. Their advantages could be concluded into two aspects. One is the 
more effective electron and mass transfer pathway, providing the effective intrinsic catalyst 
properties. Other is the solid connection, guaranteeing their stabilities even at the high 
current densities. These findings spotlight the usage of freestanding catalysts in the energy 
storage and conversion devices. 
